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Abstract
The F0F1 ATP synthase functions as a rotary motor where subunit rotation driven by a current of protons flowing through
F0 drives the binding changes in F1 that are required for net ATP synthesis. Recent work that has led to the identification of
components of the rotor and stator is reviewed. In addition, a model is proposed to describe the transmission of energy from
four proton transport steps to the synthesis of one ATP. Finally, some of the requirements for efficient energy coupling by a
rotary binding change mechanism are considered. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
F0F1 ATP synthases are found embedded in the
membranes of mitochondria, chloroplasts, and bac-
teria and are structurally and functionally conserved
among species [1,2]. During oxidative- and photo-
phosphorylation, the synthases couple the movement
of protons down an electrochemical gradient to the
synthesis of ATP. The F0 sector is composed of
membrane-spanning subunits (ab2c12 in Escherichia
coli) [3] that conduct protons across the membrane,
whereas the F1 sector (K3L3QNO) [4^6] is an extrinsic
complex that contains the catalytic sites for ATP
synthesis. F1 can be removed from the membrane
in a soluble form that functions as an ATPase, and
rebinding F1 to F0 in membranes restores the ca-
pacity to catalyze net ATP synthesis. A high-resolu-
tion structure of bovine F1 shows a hexamer of alter-
nating K and L subunits surrounding a single Q
subunit [7]. The three catalytic sites of F1 are located
on the three L subunits at K/L subunit interfaces [7,8].
A model for energy coupling by F0F1 ATP syn-
thases that has gained widespread support is called
the binding change mechanism [9]. According to this
proposal, the major energy-requiring step (Fig. 1a,
step 1) is not the synthesis of ATP at catalytic sites,
but rather the simultaneous and highly cooperative
binding of substrates to, and release of products
from, these sites [10,11]. Furthermore, it is proposed
that these a⁄nity changes are coupled to proton
transport by the rotation of a complex of subunits
that extends through F0F1. Rotation of the Q subunit
in the center of F1 (Fig. 1a) is thought to deform the
surrounding catalytic subunits to give the required
binding changes [12], whereas rotation of the c sub-
units relative to the single a subunit in F0 (Fig. 1b) is
believed to be required for completion of the proton
pathway [13^16].
The rotary aspect of the binding change mecha-
nism remained a popular but speculative idea for a
number of years until a critical test became possible
following the publication of a high-resolution struc-
ture for F1 [7]. Focusing on a L/Q intersubunit point
of contact identi¢ed within the structure, we intro-
duced a Cys into the L subunit at a position (L380)
that would place it in close proximity to a naturally
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occurring Cys on the Q subunit (QC87). When the
resultant LD380C-F1 was exposed to an oxidant, a
rapid and speci¢c LD380C-QC87 disul¢de cross-link
was formed [17]. Using a subunit dissociation/reasso-
ciation approach with the L-Q cross-linked enzyme,
we incorporated radioisotope- or epitope-labeled L
subunits into the two noncross-linked L-subunit po-
sitions. This yielded hybrid F1 and F0F1 that allowed
the L subunit originally aligned with Q to form a
cross-link to be distinguished from the other two
Ls. Following reduction of the cross-link and a short
burst of ATP hydrolysis [14,18] or synthesis [19],
labeled and unlabeled L subunits in the hybrid F1
showed a similar capacity to form a disul¢de bond
with the Q subunit, indicating that Q had rotated rel-
ative to the three L subunits during catalysis. Subse-
quently, additional evidence for subunit rotation dur-
ing ATP hydrolysis was obtained using immobilized
chloroplast F1 with a spectroscopic probe attached
near the C terminus of the Q subunit. Recovery of
polarized absorption after photobleaching was used
to monitor the rotational motion of Q during ATP
hydrolysis by the tethered F1 on a time-resolved ba-
sis [20]. Finally, in a dramatic visual demonstration,
a £uorescent actin ¢lament attached to one end of
the Q subunit of immobilized bacterial F1 was seen by
£uorescence microscopy to undergo multiple unidi-
rectional rotations during ATP hydrolysis [21].
2. Other components of the rotor
Once catalysis-dependent rotation of Q relative to
the catalytic L subunits became widely accepted [22^
25], the hunt was on to identify other components of
the rotor. A likely candidate appeared to be the O
subunit [26^29] and in 1998, three independent stud-
ies established O as part of the rotor. First, using
confocal £uorometry on single molecules of immobi-
lized chloroplast F1, Junge’s laboratory reported
that, like Q, O exhibits three-stepped rotary motion
[30]. However, the results presented for O in this
study do not appear to be as conclusive as those
obtained for Q, and interpretation of the O data is
complicated by two properties of this subunit. First,
as for E. coli F1, the O subunit of chloroplast F1 is a
potent inhibitor of catalysis by the soluble enzyme.
This appears to be an artifact resulting from the
separation of F1 from F0, since O is not inhibitory
in F0F1 and, in fact, is essential for energy coupling.
Second, O can reversibly dissociate from F1. These
potential problems appear to have been avoided in
a second study using immobilized F1 from a thermo-
philic bacterium. It has been reported that the O sub-
unit of this F1 is not inhibitory [31], and a £uorescent
actin ¢lament attached to O could be seen to rotate
during ATP hydrolysis in the same direction as the
Q subunit [32]. Using a third approach, we employed
a L-O cross-linked hybrid having epitope-tagged
L subunits exclusively in the two noncross-linked po-
sitions to demonstrate O rotation in functionally
coupled, membrane-bound E. coli F0F1 [33].
In contrast to Q and O, the third single-copy sub-
unit of F1, N, has been shown not to be part of the
rotor [34]. Instead, it appears to function along with
the b-subunit dimer as a stator which connects sub-
unit a of F0 to K3L3 of F1 [35^42]. To summarize,
compelling evidence has been presented that, in the
F1 domain, QO rotates relative to K3L3Nb2 during ATP
synthesis and hydrolysis.
Perhaps the most important remaining question
regarding the mechanism of this rotary motor is
how proton transport through F0 is linked to subunit
rotation in F1. A model favored by several laborato-
ries [13,14,16] proposes that completion of the pro-
ton pathway through F0 requires the rotation of the
12-mer of c subunits relative to subunit a (as shown
in Fig. 1b). A closely related model places subunits a
and b within the circle of c subunits, with ab2 being
part of the rotor and c12 part of the stator [15].
However, recent evidence that b2 interacts with N
[36,38^42] and that the a and b subunits are outside
the c12 complex [43^45] make this arrangement of
subunits unlikely.
A fundamentally di¡erent model has been pro-
posed which does not envision c12 as part of the
rotor [46]. This proposal is based on the observation
that protonating the essential carboxyl group on sub-
unit c causes a conformational change in the polar-
loop region of the molecule (shown as the £at surface
of the c12 complex that faces F1 in Fig. 1b). It is
suggested that this conformational change forces
the O subunit to rotate 30‡ to the next c subunit.
Sequential protonation/deprotonation of c subunits
would cause O to surf along the top of the c12 com-
plex in a circular direction, rotating Q as it goes. To
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date, no clear test for subunit rotation in F0 has been
devised and e¡orts in this direction have been ham-
pered by the lack of a high-resolution structure for
the F0 domain.
3. How is transport of four protons coupled to the
release of one ATP?
The stoichiometry of L and c subunits raises an
interesting problem. In one complete 360‡ turn of
the rotor (Fig. 1), presumably each of the three Ls
makes an ATP and each of the 12 c’s transports a
proton. This gives a coupling ratio of 4 H/ATP [47^
49]. How then is a four-step transport process
coupled to a single binding change?
An interesting suggestion has recently been made
by Junge’s laboratory [50]. According to their pro-
posal, the energy derived from each 30‡ turn of c12
relative to subunit-a is accumulated as elastic stress
in the b2N stator until the fourth proton is trans-
ported, at which point Q rotates in a single 120‡
step within K3L3 to release ATP. In this model,
Q does not rotate relative to K3L3 until the elastic
stress stored in the stator/rotor reaches a breaking
point during the fourth 30‡ turn. A disadvantage of
this model is that the energy required for each suc-
cessive 30‡ turn increases, whereas the average en-
ergy available from each proton transported remains
constant. This will cause the fourth step to be most
energetically unfavorable and hence rate limiting.
Depending on the elastic properties of the stator
and rotor, this could prove kinetically prohibitive.
In Fig. 2, an alternative model is proposed based
on the idea that ATP release is not, in fact, a one-
step process. Instead it is suggested that, as Q rotates,
the a⁄nity of the catalytic site for ATP decreases
continuously. Upon completion of each 30‡ turn,
the a⁄nity for ATP will have decreased on average
2.5 orders of magnitude, and after four such steps,
the a⁄nity will have decreased about 1010-fold. An
advantage of this model is that roughly similar
amounts of energy are required for each incremental
step in the release of ATP. In this case, each proton
transfer step will be partially rate limiting. In addi-
tion, reversibility of the process is ensured by the
potential binding energy that accumulates as the
tight ATP binding site is deformed. In other words,
an incremental increase in a⁄nity for ATP will drive
rotation of Q 30‡ in the opposite direction with move-
ment of one proton up the electrochemical gradient.
To extend this model to include coupled events at
the other two catalytic sites, the binding of substrate
must also be considered. It has long been recognized
that as ATP is being released from one site, ADP
and Pi are being bound more tightly at one or two
additional sites [51,52]. The fact that the tight bind-
Fig. 1. The binding change mechanism for F0F1 ATP synthases.
This ¢gure is from [19]. (a) Looking up at F1 from the mem-
brane. In step 1, the asymmetric Q subunit rotates 120‡ clock-
wise driving conformational changes in the three catalytic sites
that alter their a⁄nities for substrates and product. In this illus-
tration, the catalytic sites remain stationary. In step 2, ATP
forms spontaneously from tightly bound ADP and Pi. (b) View
from the side of F0F1. The a subunit contains two partial chan-
nels, each in contact with a di¡erent side of the membrane. In
order for H to traverse the membrane it moves through one
channel to the center of the membrane, binds to one of the c
subunits (at Asp-61 in E. coli), and then is carried to the other
partial channel by rotation of the c12 complex. The c subunits
are anchored to Q, whereas the a subunit is anchored through
subunits b and N to the periphery of the K3L3 hexamer. Hence
the rotation of c12 relative to the a subunit in F0 will drive the
rotation of Q relative to the K3L3 hexamer in F1.
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ing of substrate is associated with the energization
step has led a number of investigators to assume
that, like ATP release, creation of a tight site for
ADP and Pi is endergonic as shown in Fig. 3A. In-
deed, this could re£ect the need to dehydrate the li-
gands and place them in close proximity in a con¢g-
uration resembling the transition state for ATP
synthesis. However, an alternative our laboratory
has considered for some years [53] is that the tran-
sition from loosely to tightly bound substrate is ex-
ergonic (Fig. 3B). The fact that F1 does not readily
bind ADP and Pi tightly at the same catalytic site in
the absence of an electrochemical gradient does not
negate this possibility. During steady-state ATP syn-
thesis, open sites on F1 may assume a di¡erent con-
formation, one that allows the simultaneous loose
binding of ADP and Pi. A subsequent increase in
the stabilization of bound substrates may help drive
the rotation of Q. In other words, the L or Ls under-
going a tightening of bound substrates may push Q in
the same direction as the proton. The importance of
this assistance may explain why an electrochemical
gradient alone is incapable of promoting the release
of either AMPPNP [54] or ATP [55] or in driving the
rotation of Q [19]. In each case, ADP and Pi are also
required. In both models (Fig. 3A,B), the movement
of a surface of Q past the L subunit containing tightly
bound ATP requires a conformational change in L
Fig. 2. Coupling four proton transport steps to the release of ATP from the tight site. In this illustration, it is assumed that the
Kd(ATP) must be decreased from 10312 M to 1032 M for e⁄cient release. It is also assumed that each proton transport step contrib-
utes a roughly equivalent amount of energy to the deformation of the tight ATP binding site. The possible e¡ects of binding changes
at additional interacting catalytic sites is considered in Fig. 3.
Fig. 3. Energy diagrams showing the overall changes for a 120‡
turn of Q as in£uenced by the energetics of substrate binding.
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that disrupts the strong noncovalent interactions be-
tween the protein and ligand which make it a tight
site. This constitutes the resistance.
It is of interest to consider what happens to the
stator if the energy for single proton transport steps
is stored as ligand binding energy (Fig. 2) instead of
being accumulated as elastic stress. It is possible that
the stator and rotor are fairly rigid. However, Sorgen
et al. [56] have shown that the b subunit retains
function when shortened by up to 16 Aî by deletion
mutations. This indicates that the stator has some
slack and suggests that the stator and rotor assume
a twisted orientation when ATP synthesis is ¢rst ini-
tiated. Nevertheless, according to our working model
(Fig. 2), Q will turn 30‡ within K3L3 for every 30‡ turn
of the c12 complex during steady-state catalysis.
4. Requirements for e⁄cient energy coupling
The binding change mechanism stipulates that
ADP and Pi must bind at a catalytic site on F1 be-
fore protons can be transported through F0 down an
electrochemical gradient (Fig. 1a). If these two steps
were not sequentially linked and proton transport
could drive subunit rotation when catalytic sites
were empty, energy would be wasted. The existence
of this obligatory coupling was clearly demonstrated
by the ¢nding that an electrochemical gradient was
unable to drive the rotation of Q without the addition
of ADP and Pi [19]. In this experiment, a single 120‡
turn could have been detected under conditions
where the addition of ADP and Pi would have al-
lowed hundreds of turnovers to occur.
A second requirement for e⁄cient coupling is that
the energized release of ATP from the tight site must
occur to the exclusion of release of ADP and Pi.
Since substrate and product interconvert at the tight
site [57^60], F1 must signal F0 that ATP, as opposed
to ADP and Pi, is bound at the tight site. This signal,
presumably a conformational change that removes
an impediment to rotation, would allow proton
transport to initiate with a concomitant destabiliza-
tion of the bound ATP. This requirement has always
been implicit in models for the binding change mech-
anism in that the energy-driven step is shown to ini-
tiate only from the form of enzyme having tightly-
bound ATP and not from the form having tightly
bound ADP and Pi (see [61]). A second concern is
that ATP must not be hydrolyzed during its ener-
gized release. Several factors may contribute to the
avoidance of such a futile step. First, the same con-
formational change that decreases the a⁄nity of the
site for ATP may also remove catalytic residues from
their optimal orientation [7]. Second, the transport of
4 H may be su⁄ciently rapid that ATP dissociation
is fast compared to the impaired hydrolysis rates of
the lower a⁄nity states of L. This would be consis-
tent with evidence that Q spends most of its time
pausing between 120‡ turns [21,30], during which
time product dissociation and substrate binding can
occur.
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